Enterovirus 71 (EV 71) infections have high neurovirulence and fatality. Immune responses were assessed in 78 patients with EV 71 infection. EV 71 meningoencephalitis occurred more frequently in younger children and in boys. C-reactive protein levels were not elevated, although total leukocyte counts were increased in these patients. The CD40-ligand expression on T cells significantly decreased in children with meningoencephalitis ( ). Polymor-P p .041 phism of the cytotoxic T lymphocyte antigen-4 (CTLA-4) at position 49 of exon 1 showed a higher frequency of G/G genotype in patients with EV 71 meningoencephalitis than in those without meningoencephalitis (18/31 vs. 14/47; ) and in control subjects (18/31 vs. 25/ P p .045 93l;
nary edema. Pathogenesis of the different clinical entities remains uncertain. To explore whether host factors are involved in the pathogenesis of EV 71 meningoencephalitis, we investigated immune reactions in children with and without EV 71 meningoencephalitis.
Patients with agammaglobulinemia tend to have persistent enterovirus meningoencephalitis [14, 15] . Similarly, patients with CD40-ligand (L) deficiency who show hypo-IgG and elevated IgM levels are also susceptible to enterovirus meningoencephalitis [16] . Studies with athymic mice demonstrated a persistent enterovirus replication in cardiac muscle [17] . These studies indicate that impaired immune reactions, including antibody response, T and B cell interaction, or T cell response, may be involved in enterovirus infections with a variety of complications. We wished to determine whether altered immune reactions contribute to EV 71-mediated infections with meningoencephalitis.
To differentiate the immune reactions between patients with and without meningoencephalitis, we collected blood plasma and leukocytes from patients with and without EV 71 meningoencephalitis during the acute and convalescent stages. We measured lymphocyte proliferation and cytokine production to reflect T cell reactions, CD40-L expression to reflect T and B cell interactions, and EV 71-neutralizing antibody titers as representing the antibody response. In addition, because cytotoxic T lymphocyte antigen-4 (CLTA-4) polymorphism is an important negative regulator of T cell cytotoxicity [18, 19] and because its polymorphism at position 49 with A or G genotype of exon 1 is linked to some autoimmune diseases [20] [21] [22] , we also assessed the CTLA-4 polymorphism in patients with and without EV 71 meningoencephalitis.
Subjects and Methods
Subjects studied. In all, 631 children with suspected EV 71 infections were admitted to our hospital during an EV 71 outbreak (July 1998 to January 1999); of these, we recruited 78 patients with EV 71 infection for the study. Confirmation of EV 71 infections was recognized by 1 of the following 2 criteria: (1) isolation of EV 71 from throat, skin vesicles, or stool specimens or (2) blood-specific neutralizing antibody titers у1:16 in the acute stage or a 4-fold increase of neutralizing antibody titers in the convalescence stage [3, 4] . We considered patients to have meningoencephalitis due to EV 71 infection if they had typical HFMD or herpangina associated with symptoms or signs of central nervous system (CNS) involvement, such as conscious disturbance, jitteriness (myoclonic jerk), ataxia, vomiting, or seizure in conjunction with aseptic cerebrospinal fluid studies with mild pleocytosis, normal glucose levels, and normal or mildly elevated protein levels. After we excluded 5 patients with gingivostomatitis or adenovirus infections, 31 children with EV 71 diseases associated with meningoencephalitis and 47 without complications remained for study.
Each time we collected blood leukocytes from 1 or 2 patients with meningoencephalitis, we simultaneously included 1 or 2 patients with EV 71 infection without meningoencephalitis and 1 pediatric patient without EV 71 infection as a control subject. We also collected blood DNA from the patients with and without meningoencephalitis for study of CTLA-4 polymorphism. We also used 93 DNA samples from consecutive human umbilical cord blood samples as reference DNA. Finally, we collected 25 and 40 plasma specimens, respectively, from patients with and without meningoencephalitis, for assessment of specific EV 71 neutralization titers. We collected 18 paired mononuclear leukocyte (MNL) samples from patients with and without meningoencephalitis for lymphocyte proliferation assay at the acute febrile stage and 22 paired MNL samples from patients with and without meningoencephalitis for lymphocyte proliferation assay at the convalescent stage (4-6 weeks after infection).
Assessment of nonspecific leukocyte reactions. To investigate the nonspecific leukocyte reactions in the EV 71 infections, complete blood counts and C-reactive protein (CRP) levels were routinely tested. We analyzed and compared the complete blood counts and CRP levels in patients with and without meningoencephalitis.
Isolation of white blood cells (WBC).
Peripheral blood from control subjects and patients admitted because of EV 71 infection with and without meningoencephalitis was separated into WBC and red blood cells (RBC) by dextran sedimentation [23, 24] . WBC were separated into polymorphonuclear leukocytes (PMNL) and MNL, as described elsewhere [23, 24] . PMNL were subjected to genomic DNA extraction; MNL were suspended to cells/ 6 2 ϫ 10 mL for study.
Assessment of lymphocyte proliferation and cytokine production. MNL ( cells/well) obtained from peripheral blood of EV 71- 5 2 ϫ 10 infected children and control subjects were seeded into microtiter wells and were stimulated with phorbol myristate acetate (PMA; 32 ng/mL; Sigma) plus ionomycin (A23187, 1 mg/mL; Sigma) in RPMI 1640 medium with 10% fetal calf serum for 3 days. The experiments were run in 4 replicates. Culture supernatants were harvested for analysis of cytokine production by ELISA (R&D Systems PMNL isolated by dextran sedimentation were subjected to DNA extraction with 0.5% SDS lysing buffer, followed by proteinase K (1 mg/mL) digestion of nuclear protein for 4 h at 60ЊC, as described elsewhere [27] . Total DNA was harvested by standard phenol-chloroform extraction, followed by 70% alcohol precipitation [27] . Since the CTLA-4 polymorphism at position 49 (codon 17) of exon 1 was done by polymerase chain reaction (PCR) amplification followed by a restriction enzyme, recognition of the A/ G genotype has been linked to insulin-dependent diabetes, thyroiditis, and Addison diseases [20] [21] [22] . We amplified the PCRs (100 mL) with 1 mg of genomic DNA, 1 U of Taq polymerase (Perkin Elmer), 0.2 mM primers (forward primer, 5 -GGC TTG GCT TGG ATT TCA GCGGC-3 ; reverse primer, 5 -GCT CCA AAAGTC TCA ACC-3 ), 200 mM dNTP, 50 mM KCl, 10 mM Tris-HCl (pH 8.8), 2.4 mM MgCl 2 , and 0.01% gelatin (Perkin Elmer) for 35 cycles of amplification. Each PCR cycle had denaturing at 94ЊC for 1 min, annealing at 52ЊC for 1 min, and extension at 72ЊC for 2 min. The PCR products were incubated with the Fnu 4H1 restriction enzyme (New England Biolabs) at 37ЊC for 2 h before being subjected to a 2% agarose gel electrophoresis with ethidium bromide (Sigma) staining. The resultant bands of A/G genotypes showed a nondigested higher molecular weight single band, 2 heterozygous bands with partial digestion, and 1 completely digested, low molecular weight band that indicated A/A, A/G, and G/G genotypes, respectively.
Isolation of EV 71 and determination of specific EV 71 neutralizing antibody titers. Virus isolation was routinely done as described elsewhere [1, 3] . In brief, specimens from throat or rectal swabs were inoculated into human embryonic fibroblast (MRC-5), HEp-2, and rhabdomyosarcoma (RD) cell cultures. When the virus cytopathic effect (CPE) involved was 120% of the culture cells, the cells were harvested for immunofluorescent staining with a panenterovirus and an EV 71-specific monoclonal antibody (Chemicon International) as the first antibody, followed by FITC-labeled rabbit anti-mouse immunoglobulin antibody as the second antibody. Isolates from 2 patients who died of encephalitis were subjected to RNA sequence analysis in the VP-1 region of EV 71. These had 100% RNA sequence homology to the isolates from the outbreak in northern Taiwan [1] but 79.6% RNA sequence homology to the prototype BrCr strain [28] , which suggests that the epidemics in northern and southern Taiwan belonged to the same outbreak.
Determination of specific EV 71 neutralizing antibody titers was performed in RD cell cultures after a series of 10-fold diluted virus titers were made to determine the TCID 50 [29] . The virus strain used for the neutralization assay was isolated from a fatal outbreak case [1] . RD cells ( /well) were infected with 100 times 4 5 ϫ 10 TCID 50 EV 71 viruses that were preopsonized with a series of 2 n serum dilutions at room temperature for 1 h. The virus-infected RD cells were cultured in a CO 2 incubator at 37ЊC for 5 days. EV 71 neutralizing antibody titers were determined by the last diluted titer that caused 150% CPE under methylene blue staining. In a preliminary study, we found that serum samples from the control subjects without EV 71 infections had no EV 71 neutralizing antibody titers (!1:4). However, one-third of the control serum samples had a variety of neutralizing antibody titers (1:2-1:128) directed against coxsackievirus A16 or B1. These results indicated that coxsackievirus A16 and B1, but not EV 71, were prevalent in the study area and that neutralizing antibodies directed against coxsackievirus A16, which can also cause HFMD, were not crossreactive with EV 71. The EV 71 neutralizing antibody titers detected were EV 71 type-specific.
Data presentation and statistical analysis. We show results from immune reactions as and position 49 (codon 17) polymean ‫ע‬ SD morphism of the CTLA-4 exon 1, which includes A/A, A/G, and G/G genotypes, as percentages. We used Student's t test to compare differences in age and immune reactions between patients with and without EV 71 meningoencephalitis and Pearson x 2 test to analyze degrees of difference by sex and CTLA-4 polymorphism between patients with and without EV 71 meningoencephalitis. was P ! .05 considered to be statistically significant.
Results
Demographic data of patients studied. We recruited 78 patients with definite EV 71 infections for the study of immune reactions. We evaluated complete blood counts, CRP levels, lymphocyte proliferation, cytokine production, T and B cell interaction, CTLA-4 polymorphism, and specific neutralizing antibody titers. Table 1 summarizes baseline characteristics of the study groups. The children studied were mainly Chinese, except for 2 from a Taiwan primitive tribe in the group without meningoencephalitis (table 1) . There were more boys among patients with meningoencephalitis than in the group without meningoencephalitis, although the sex discrepancy did not reach significant difference ( ). Of the 31 children with P p .110 complications, 24 (81%) had HFMD, and 7 (19%) had herpangina. Of the 47 children without complications, 36 (77%) had HFMD. Patients with meningoencephalitis and complications tended to be significantly younger than those without complications (
) and tended to be hospitalized longer P p .041 (  ; table 1 ). Two-thirds of children with meningo-P p .001 encephalitis had a characteristic rhombencephalitis symptom (jitteriness), which is similar to previous reports [2, 4] . These EV 71 patients were mainly treated with antipyretics, including acetaminophen and ibuprofen, but not aspirin ( ). The fact that 3122 ‫ע‬ 203 3781 ‫ע‬ 186 P p .045 patients with meningoencephalitis had higher circulating granulocytes but no associated increase in CRP levels suggests that granulocyte redistribution, but not granulocyte activation, might occur in patients with complicated EV 71 infections.
Reduction of CD40-L expression but not lymphocyte proliferation in patients with meningoencephalitis. T cells in re-
sponse to stimulation tend to proliferate rapidly and express CD40-L to drive B cells for class switch from IgM to IgG [25, 30] . We found that CD40-L expression on the CD4 T cells stimulated by PMA and ionomycin was significantly lower in patients with EV 71 infection than in control subjects (table 2) . Moreover, CD40-L expression on CD4 T cells was significantly lower in patients with than in those without meningoencephalitis ( ). In the convalescent stage, the CD40-L expres-P p .041 sion on CD4 T cells from patients with meningoencephalitis was not significantly different from that of patients without meningoencephalitis (table 2). The lymphocyte proliferation stimulated with PMA and ionomycin was not significantly different among control subjects and patients with and without meningoencephalitis either during the acute or convalescent stage (table 2) .
Decrease of interleukin (IL)-4 but not interferon (IFN)-g or regulated on T cell activation, normal T cell expressed and secreted (RANTES) cytokine levels in patients with meningoencephalitis.
Lymphocytes can release cytokines and affect cellular and humoral reactions, in addition to proliferation and surface expression of CD40-L expression. We measured IFNg and IL-4 production in the lymphocyte proliferation to reflect T helper (Th) 1 and Th2 reactions, respectively. We found that IFN-g production in the lymphocyte proliferation did not differ significantly among control subjects and patients with and without meningoencephalitis (table 2); however, IL-4 production was significantly lower in patients with meningoencephalitis than in control subjects in the acute stage ( ). During P p .015 the convalescent stage, IL-4 production in children with meningoencephalitis was not significantly different than that in patients with or without meningoencephalitis. RANTES production, which mediates the inhibition of human immunodeficiency virus (HIV) replication by a CD40-L signaling pathway [31, 32] , was not significantly different among the 3 patient groups in lymphocyte proliferation (table 2) .
Differences of CTLA-4 polymorphism in patients with and without meningoencephalitis. The completion of a specific immune reaction requires not only lymphocyte activation but also lymphocyte anergy or apoptosis [33] . CTLA-4 is a key molecule to induce T cell anergy and apoptosis [18, 19] . Moreover, in some studies, certain immune gene polymorphisms were linked to infectious and autoimmune diseases [20] [21] [22] 34] . As shown in table 3, our patients with meningoencephalitis had significantly more G/G genotype of CTLA-4 polymorphism than did those without meningoencephalitis (18/31 vs. 14/47; ). P p .045 The degree of difference was more prominent in children with meningoencephalitis than in control subjects without EV 71 infection (18/31 vs. 25/93; ). Two boys (20 and 27 P p .007 months old, respectively) died of EV 71 disease. Both had identical rapid courses of rhombencephalitis and pulmonary edema and had position 49 (G/G) polymorphism of CTLA-4, decreased CD40-L expression, and lower T cell cytokine production. Table 4 compares findings in fatal and nonfatal cases.
Specific EV 71 neutralizing antibody titers in acute and convalescent stage disease. Humoral antibodies have long been recognized as a major defense against enterovirus infections [14] [15] [16] . We studied the specific EV 71 neutralizing antibody response in children with and without meningoencephalitis. Control subjects without EV 71 infections had no detectable specific EV 71 neutralizing antibody titer (!1:4; table 2). Patients with EV 71 meningoencephalitis had detectable specific EV 71 neutralizing antibody titers of 1:4-1:256, not significantly different ( ) from children without meningoen-P 1 .05 cephalitis in acute stage disease (table 2). In the convalescent stage, the specific neutralizing antibody titers in both patient groups increased to 11:256 (table 2) .
Discussion
Although enteroviruses usually cause benign infections in children [35] , they can cause serious infections in young infants [36, 37] and in immunocompromised persons [14] [15] [16] . There is evidence that absent or lower enterovirus neutralizing antibodies from maternal-placental transfer correlate with severity of neonatal enterovirus disease [37] . Administration of intravenous immunoglobulin can rescue patients with agammaglobulinemia who exhibit chronic meningoencephalitis [14, 15] , which indicates that antibody plays an important role in the defense against enteroviruses. We found that children with and without EV 71 meningoencephalitis had similar neutralizing antibody titers in acute and convalescent stage disease. These results suggest that eradication of invasive EV 71 infections may require cellular immunity, although neutralizing antibodies may neutralize EV 71 infection. It remains controversial how cellular immunity is involved in host defense against enteroviruses. Studies from IFN-g receptor (INFgR) knockout mice and those from patients with IFN-gR deficiency show that defects in INFgR signaling did not impair defense to enteroviruses [38] . In fact, we found that IFN-g production in patients with or without EV 71 meningoencephalitis was not significantly different. Similarly, RAN-TES production was not reduced in patients with complications; however, IL-4 production and CD40-L expression were reduced in patients with meningoencephalitis. Two children who died of encephalitis and pulmonary edema in the EV 71 infection group had profoundly lower cytokine (IFN-g and IL-4) production and lower CD40-L expression (table 4). The decrease of CD40-L expression in patients with EV 71 meningoencephalitis occurred only during the acute stage, not in the convalescent phase. Taken together, these results suggest that a delay in early up-regulation of CD40-L expression may alter certain cytokine production and result in an overwhelming EV 71 infection. Since our study showed that younger children were significantly more susceptible to meningoencephalitis and that patients with meningoencephalitis had lower CD40-L expression, it is likely that younger age, but not viral mutants, causes a retarded CD40-L expression that results in complicated meningoencephalitis.
In support of the concept that CD40-L has an antivirus effect, in studies of HIV, CD40-L promoted chemokine production (e.g., MCP and RANTES) by monocytes [31] or dendritic cells [32] that inhibited HIV infection. Similarly, a group with X-linked hyper-IgM syndrome with hypogammaglobulinemia due to a mutation of CD40-L was susceptible to enterovirus meningoencephalitis but had no response to immunoglobulin replacement therapy [16] . These studies suggest that CD40-L expression not only promotes the class switch of IgG production but also has an antivirus effect, presumably through cytokine induction. In a recent study, Lee et al. [39] reported that recombinant CD40-L inhibited virus replication through induction of IL-16. Similarly, Servet-Delprat et al. [40] showed that measles virus replication modified CD40-L signaling in dendritic cells and led to impaired CD8 T cell proliferation.
Recently, some immune gene polymorphisms have been linked to a higher susceptibility for some infectious diseases [41] [42] [43] [44] . For instance, chemokine receptor (CCR) polymorphism, especially CCR5, influences HIV infectivity [41, 43] . In support of the hypothesis that CTLA-4 polymorphism is involved in the host defense against some infections, Kaur et al. [44] showed that certain CTLA-4 alleles are associated with Hansen's disease (leprosy). It has been proposed that the CTLA-4 exon 1 polymorphism at position 49 with A/G or G/ G allele is linked to certain autoimmune diseases, depending on different races [20] . Of interest, in our study, children with EV 71 meningoencephalitis had a higher frequency of position 49 polymorphism with G/G allele in the CTLA-4 gene (58.1%) than did those without meningoencephalitis (29.8%) and control subjects (26.9%) . The G/G allele occurred less often in healthy children in our study than in healthy Chinese subjects in another study (45.7%-54.5%) but much more often than in healthy white subjects (8.8%-12.8%) [20] . The distribution of CTLA-4 polymorphism in normal populations may depend on race and on study methodologies (e.g., use of PCR primers and different restriction enzymes). For example, we used restriction enzyme Fnu 4H1 to create a restriction site at G allele; however, Marron et al. [20] used the BstEII restriction enzyme to create a restriction site at A allele.
It remains to be determined whether different races with different CTLA-4 polymorphisms have different susceptibility to serious EV 71 meningoencephalitis. In fact, concurrent EV 71 epidemics in 1998 and 1999 occurred in Malaysia [5] , Australia [45] , and Taiwan [1] [2] [3] [4] . The Malaysia and Taiwan outbreaks had at least 34 and 78 deaths, respectively [3, 5] . However, no fatal cases were reported in the Australia outbreak, although the origin of the EV 71 Australian outbreak was tracked to the Malaysian outbreak [45] . These results suggest that a speculative pathogenesis of EV 71 meningoencephalitis may involve genetic susceptibility and younger age with altered cellular immunity but not humoral response.
